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ABSTRACT: The functionality of heterogeneous catalysts is inﬂuenced by
a delicate interplay of multiple parameters, including morphology and
structure, chemical potential gradients and related dynamics. Here, we
report on how these factors are interconnected. Combining time-resolved
transmission electron microscopy imaging and selected area electron
diﬀraction with online conversion detection, CO oxidation over Pt
nanoparticles was studied at a pressure of 700 mbar and temperatures up
to 500 °C. The diﬀerent interactions between reactants and catalysts over
the entire range of catalytic conversion were investigated. Chemical
dynamics in this reaction were found to consist of both morphological
transformations and ﬂuctuating structural dynamics. Morphological trans-
formations were observed mostly in low activity regimes, leading to
nanoparticles with increased stable surface facets. Meanwhile structural
changes were observed during high activity regimes where the partial pressures remained constant. Furthermore, the observed
changes were found to occur in both the bulk and the surface of the catalyst. Catalytic cycling revealed that morphological
transformations and structural dynamics have diﬀerent implications on the reactivity and are mostly irreversible.
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1. INTRODUCTION
In the past, the majority of industrially relevant high-
performance heterogeneous catalysts were found by empirical
optimization rather than by knowledge-based tailoring.1 This
was due to a lack of evidence-based knowledge about material
properties that inﬂuence the activity as well as the working
structure of catalysts. Even today, the standard approach for
assessing the working state of catalysts is to comparatively
characterize them ex situ before and after the catalytic reaction.
However, heterogeneous catalysts are metastable systems
where the nature of the active state depends on the applied
chemical potential (i.e., temperature and partial pressures) that
can trigger “chemical dynamics”.1,2 The term chemical
dynamics can be used to describe several scientiﬁc aspects.3−8
For heterogeneous catalysis, it was recently introduced.7,8
Here, we use the term chemical dynamics to describe
morphological transformations and structural dynamics which
relate to the induced surface and bulk changes of the catalyst.
These two contributions of chemical dynamics can have a
forcing and a ﬂuctuating character, respectively.8 In addition,
since the working catalysts are thought to be metastable, the
active surfaces could be unstable at noncatalytic conditions,
which could lead to the detection of inactive or deactivated
structures instead of the active ones, resulting in misinter-
pretations. Thus, to enhance the current understanding of the
functionality of a working catalyst, relevant working conditions
have to be applied during structural examination.9
The reaction of CO oxidation is often used as a model
reaction and is therefore well-studied.10−12 Nevertheless,
operando studies to-date based on surface-sensitive X-ray
diﬀraction (XRD),13 X-ray photoelectron spectroscopy
(XPS),14 X-ray absorption spectroscopy (XAS),15−17 scanning
tunneling microscopy (STM),18,19 and vibrational spectrosco-
py20 have led to contradictory conclusions. So far, there has
been no clear consensus on crucial issues such as whether the
surface or subsurface Pt oxides are active13,16−19 or nonactive15
components in the CO oxidation over Pt nanoparticles (NPs).
Contradictory results from diﬀerent studies could be due to
diﬀerences in composition of the catalytic systems and/or
reaction parameters but, more importantly, to a general lack of
local information on the origin of chemical dynamics triggering
the catalytic activity. This absence of spatially resolved
nanoscale information is inherent to all the techniques
described above. Temporally and spatially resolved operando
transmission electron microscopy (TEM) is the only technique
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to provide high-resolution information about the structure−
function relationship under relevant working conditions and to
visualize intermediate states at the atomistic level.21,22 Such a
pioneering TEM work has, for instance, been accomplished by
Vendelbo et al. who visualized the oscillatory behavior of Pt
nanoparticles during CO oxidation.21 However, oscillatory
phenomena are based on nonlinear dynamics, and therefore,
their study alone cannot provide the complete catalytic picture.
In this present study, the diﬀerent interactions between
reactants and catalysts over the entire range of catalytic
conversions were investigated. Several ex situ and in situ TEM
and HRTEM studies have reported on morphological and
structural changes of Pt nanoparticles induced by diﬀerent
gaseous environments and temperatures.20,21,23−30 For in-
stance, the reshaping and facetting of Pt nanoparticles during
thermal treatment in diﬀerent reductive and oxidative
environments have been observed. Thermal treatment in
H2,
20,23,25−28 CO,21,24,25,29 or vacuum24,25 have been shown to
lead to more facetted particles with the dominant Pt(111),
Pt(100), and Pt(110) facets. Meanwhile, more oxidative




shown to lead to particles with more spherical shapes with
higher amounts of exposed higher order facets.
Using a homebuilt time-resolved TEM setup that is directly
coupled to a quadrupole mass spectrometer (QMS) for gas
analysis, which allows online conversion detection,31 we are
able to begin to untangle chemical dynamics. Using this
operando TEM approach, we combine imaging and selected
area electron diﬀraction (SAED) analysis with monitoring of
the catalytic activity over time to directly study the structure−
function relationship of Pt NPs during CO oxidation in
diﬀerent activity regimes. Using this combination of spatially
resolved morphological and structural information correlated
to the catalytic activity, we are able to untangle diﬀerent
contributions from chemical dynamics to the reaction. Here,
we will show that we can distinguish between two aspects of
chemical dynamics: morphological transformations and struc-
tural dynamics. It will also be shown that morphological
Figure 1. Operando TEM measurements. (a) Online MS data for CO oxidation over Pt NPs heated from room temperature (RT) to 500 °C (ﬁrst
cycle) obtained from the operando TEM experiment. The inset in panel (a) shows the onset of CO2 production. The intersection of two dotted
lines in the CO2 signal denotes the onset temperature. (b) CO conversion as function of the temperature. (c) Particle shape analysis with
corresponding average perimeter distribution of NPs at diﬀerent temperature regimes: (i) 328−348 °C, (ii) 362−372 °C, (iii) 391−406 °C, and
(iv) isothermal treatment at 500 °C. The color intensity bar in the top right corner of the ﬁrst image represents shape changes of the Pt NPs for all
standard deviation (STD) images: white/yellow/orange/red represents regions exhibiting greater shape change versus purple/blue/black regions
that showed little to no change. Pt NPs were found to change shape in the ﬁrst cycle in the low activity regimes 1 (red) and 2 (yellow)
corresponding to the regions denoted in panel (a) compared to the high activity regimes 3 (green) and 4 (blue). Reaction conditions: temperature
ramp, 1 °C/min; pressure, 700 mbar; ﬂow rate, 20 μL/min; gas feed, CO:O2:He = 1:5:19; and beam dose rate, below 30 e/Å
2s.
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transformations are dominantly caused by initial gradients of
the involved partial pressures and that they lead to the
formation of ﬂat surfaces. Structural dynamics, in contrast,
were found to be induced by reactant diﬀusion through the
bulk and have a ﬂuctuating character. Furthermore, morpho-
logical and structural changes were found to occur at diﬀerent
activity levels. We further assessed the eﬀects of reaction
cycling on morphology and structure of the Pt NPs as well as
their implications on reactivity.
2. RESULTS
2.1. Morphological Changes during CO Oxidation
over Pt NPs. The morphological and structural evolution of
the Pt NPs (see the Materials and Methods section as well as
Figure S1 for details on the in situ synthesis) were studied
operando in the CO oxidation under relevant reaction
conditions. Any changes in the Pt NPs that were observed
using TEM imaging and electron diﬀraction were correlated
with the diﬀerent activity states.
The reaction was found to light oﬀ at 260 °C as indicated by
an increase in the CO2 signal in the QMS (Figure 1a, inset).
This is in line with previous operando studies on Pt NPs that
were deposited on TEM windows.21,32 Simultaneously, the
signals arising from CO and O2 decreased. At 382 °C, the
reaction ignited as indicated by the sharp increase of the CO2
signal (Figure 1a). This ignition of the reaction could also be
followed by extracting the calorimetric data where at the same
temperature and exothermic event could be observed (Figure
S2). At 425 °C, the reaction levelled oﬀ at a CO conversion of
63% (Figure 1b). The conversion was thought to be probably
limited by transport eﬀects in the kinetically diﬀerent reactor
geometry compared to ﬁxed bed reactors. In addition, mass
transfer limitation, where the high CO2 concentration around
the Pt NP surface forming a boundary layer, could prevent
further CO diﬀusion to the catalyst surface.33,34 At 500 °C,
isothermal treatment for ∼ 0.5 h was performed, which led to a
deactivation of ∼2.3% (Figure S3). Blank experiments using
only the MEMS-based gas cell TEM holder showed no CO
conversion at temperatures up to 500 °C, proving that the cell
itself was not causing any conversion during the real catalytic
reaction and that gas phase reactions were absent (Figure S4).
During the temperature ramping and isothermal treatment
at 500 °C, experiments that focused on morphological and
structural changes were performed simultaneously. Multiple
series of TEM images and SAED patterns were acquired. The
series of micrographs acquired during the activation phase of
the catalyst (regime 1, 328−348 °C; regime 2, 362−372 °C;
Figure 1a) show the transformation from elongated to more
spherical homogeneous particles during the reaction (Videos
S1 and S2). Furthermore, in the ﬁrst cycle, smaller particles
Figure 2. Morphological changes of Pt NPs when comparing diﬀerent activity regimes in the (a, c) second and (b, d) third catalytic cycle before
and after the ignition point. (a) TEM images from the second cycle: (i, ii) at 250 and (iii, iv) at 450 °C. (ii, iv) Higher magniﬁcation images of the
region of interest marked by red squares in (i) and (iii), respectively. (b) TEM images from the third cycle: (i, ii) at 200 and (iii, iv) at 493 °C. (ii,
iv) Higher magniﬁcation images of the region of interest marked by red squares in (i) and (iii), respectively. (c) Formation of low index facets of Pt
NPs after the second cycle: high-resolution TEM image of a twinned Pt NP viewed along [01−1] (imaged after cooling to 200 °C). (d) Low index
facets of Pt NPs during the third cycle: high-resolution TEM image of a twinned Pt NP (imaged at 460 °C). (e) Increase of the ignition
temperature during catalytic cycling. Red arrows denote Pt NPs with more pronounced faceting after the third cycle compared to the second cycle.
Reaction conditions: temperature ramp, 1 °C/min; pressure, 700 mbar; ﬂow rate, 20 μL/min; gas feed, CO:O2:He = 1:5:19; beam dose rates: (a,
b) <30 e/Å2s. (c) 700 e/Å2s and (d) <1000 e/Å2s. (Scale bars in panels (a-ii,iv) and (b-ii,iv), 50 nm).
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(2−20 nm) exhibited faster morphological transformation than
larger ones, which appeared to be static in comparison (Videos
S1 and S2). In addition, splitting of Pt NPs was also observed
(Videos S1 and S2). However, there was no indication of
sintering of Pt NPs. At high conversion and during isothermal
treatment (regime 3, 391−406 °C; regime 4, 500 °C; Figure
1a), the fraction of Pt NPs that exhibited only small to no
morphological changes was found to be large (Videos S3 and
S4).
Standard deviation (STD) analysis of the image contrast
from the operando videos was done to assess relative changes
in the shape and average perimeter of the Pt NPs (Figure 1c).
Morphological transformations of the Pt NPs were found to be
more pronounced in the low activity regimes 1 and 2, before
the ignition point (Figure 1c-i,ii), compared to the high activity
after the ignition point in regimes 3 and 4 (Figure 1c-iii,iv). In
addition, the average perimeter of the Pt NPs was found to
have a broader distribution in the low activity regimes (Figure
1c-i,ii) compared to the high activity regimes (Figure 1c-iii,iv).
This operando observation strongly suggests that Pt NPs in the
CO oxidation reaction undergo more pronounced morpho-
logical changes in the low activity regime; that is, the regime in
which the gradient of CO partial pressure is signiﬁcantly
higher, rather than in the high activity regime, where the CO
partial pressure is low.
2.2. Morphology of Pt NPs during Reaction Cycling.
Similar morphological transformations compared to the ﬁrst
cycle were observed in the second (Figure 2a) and third
(Figure 2b) reaction cycle (see Figures S5 and S6 and Videos
S5 and S6 for additional images from the second and third
cycle acquired at diﬀerent temperatures). During reaction
cycling, the morphologies of the Pt NPs evolved from initially
elongated to spherical (Figure 1c and 2a,b and Figures S5 and
S6) in the ﬁrst cycle to more faceted with a progressive number
of cycles. The faceted NPs were found to exhibit higher surface
proportions of low index terminations, such as {111}, {110},
and {100}, as shown in the images in Figure 2a (iii−iv) and 2c
from the second cycle and Figure 2b (iii−iv) and 2d from the
third cycle (see also Figures S5 and S6 for additional images)
compared to the particles at the beginning of the second cycle
(Figure 2a-i,ii). A high degree of twinning in the bulk of the Pt
NPs was also observed (Figure S7). Note that, during reaction
cycling, the morphology of the Pt NPs only changed as long as
changes of the partial pressures were present during heating. In
addition, the activity of the Pt NPs decreased during cycling
(Figure 2e and Figures S8a,b−S10a,b). This observation
suggests that the convergence of the morphology of the Pt
NPs toward the formation of thermodynamically more stable
surface facets is one cause for deactivation. In addition, with
the increasing cycle number, the ignition point was found to
shift to higher temperatures (Figure 2e). After the ignition
point had been reached, oscillations in the MS traces were
observed in the second and third cycle (Figures S9 and
S10a,b). These oscillations were characterized by nonregular
periodicities and amplitudes. They led to a sudden heat release
as demonstrated by the calorimetric analysis (Figure S11) due
to the exothermicity of the reaction. During this oscillatory
behavior, no changes in the morphology of the Pt NPs (Video
S7) were observed despite the chemical potential changes
rapidly.
Furthermore, morphological changes of the Pt NPs during
cooling in the second and third cycle were compared (Figure
S12). Changes in the morphology occurred after the second
cycle (shown in the TEM images in Figure S12). However,
after cooling to room temperature (RT) in the third cycle, the
occurrence of morphological changes was drastically reduced.
This observation strengthens the view that the morphological
aging of the investigated Pt NPs was induced by gradients of
the partial pressures, leading to more thermodynamically stable
Figure 3. Structural changes of the Pt NPs during the ﬁrst cycle. SAED analysis at diﬀerent reaction conditions: (a, d, g) at 400 °C in synthetic air
(20% O2 in He); ﬂow rate, 20 μL/min; pressure, 720 mbar. (b, e, h) at 247−250 °C; (c, f, i) at 382−390 °C. (a−c) TEM images showing the
dispersed Pt NPs on the support ﬁlm, corresponding to the regions of interest where (d−f) SAED patterns were acquired and from which (g−i)
averaged radial proﬁles were extracted. Changes in shape and position of reﬂections that correspond to the (111), (200), and (220) lattice planes
are marked with dashed lines. Reaction conditions for panels (b), (e), (h), (c), (f), and (i): temperature ramp, 1 °C/min; pressure, 700 mbar; ﬂow
rate, 20 μL/min; gas feed, CO:O2:He = 1:5:19.
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surface terminations. The morphological changes prove to be
irreversible under the conditions of reaction cycling.
2.3. Structural Changes of the Pt NPs under Reaction
Conditions. Structural changes of the Pt NPs under reaction
conditions were tracked with temporally resolved SAED
analysis during catalytic cycling. To exclude size eﬀects,
diﬀerent regions that exhibit similar sample amounts and
particle size distributions were used. From the regions shown
in the TEM images (Figure 3a−c) that correspond to the ﬁrst
cycle, SAED patterns (Figure 3d−f) were recorded and stacked
for the desired temperature regimes. From these SAED
patterns, averaged radial diﬀraction proﬁles (Figure 3g−i)
were extracted. The averaged radial diﬀraction proﬁles of the
measurement conducted at 400 °C in synthetic air showed the
presence of sharp characteristic diﬀraction peaks for Pt (Figure
3g). The evolution of the averaged radial diﬀraction proﬁles
during CO oxidation in the temperature range between 247−
250 °C showed small changes in the reﬂection intensities,
shape, and full width at half-maximum ( fwhm) (Figure 3h).
Between 382 and 390 °C, after the ignition of the reaction
(Figure 3i), the fwhm of the reﬂections increased. In this
regime, asymmetric reﬂection proﬁles and changes in the
intensity ratios can also be observed (Figure 3i). These
ﬁndings suggest that the main structural changes occurred
during the short period of ignition.
The structural changes were mostly preserved during
reaction and temperature cycling. A comparison of the
evolution of the SAED averaged radial proﬁle over three
heating and cooling cycles revealed the appearance of
additional shoulders that ﬂuctuated between lower or higher
values for reﬂections that correspond to the (111), (200),
(220), and (311) lattice planes (Figure 4a and also Figures S8c
to S10c). In addition, the reﬂections that correspond to the
higher order (331) and (420) lattice planes, which appeared
blurred during the reaction, could be partially diﬀerentiated
again after cooling (Figure 4b and also Figures S8c to S10c),
while the fwhm remained broad. Additionally, the reﬂections
that correspond to the low index (111) and (220) lattice
planes show a nonlinear change of the positions of the
reﬂections with temperature (Figure 4c,d). These diﬀerences
in the SAED patterns are caused by changes in the bulk
structure.
The observed partial ﬂuctuation of the bulk structure
(Figure 4c,d) combined with the observed asymmetry of the
shape of the reﬂections could indicate a frustrated phase
transition.7 Note that in situ X-ray diﬀraction (XRD) patterns
did not show any diﬀerences between before and after the
catalytic reaction (Figure S13 and Table S1) as this technique
has too low sensitivity for the local structural changes.
3. DISCUSSION
3.1. Catalysis-Induced Changes. In this study, using
imaging and electron diﬀraction, we show for the ﬁrst time,
that changes of the particle shape and bulk structure can be
disentangled and correlated to diﬀerent regimes of the catalytic
activity (Figures 1 to 4 and Figures S5−S10).
The local nanoscale information presented here has been
inaccessible to-date when employing averaging and integrating
techniques to study this system. The relevance to catalytic
activity of the changes observed in morphology and structure
Figure 4. Fluctuations in the SAED patterns for three cycles at diﬀerent states of reaction. (a) Averaged radial proﬁle distribution of the SAED
patterns for lower index planes. (b) Averaged radial proﬁle distribution of SAED patterns for high index planes. (c, d) Highlight ﬂuctuations of the
positions of the reﬂections that correspond to the (111) and (220) lattice planes, respectively. Pristine: SAED patterns of Pt NPs acquired at 400
°C in synthetic air (20% O2 in He) with a ﬂow rate of 20 μL/min and at a pressure of 720 mbar. AC, after cooling. Dotted lines in panel (a)
highlight the position shifts of reﬂections for the (111) and (220) planes. Reaction conditions: temperature ramp, 1 °C/min; pressure, 700 mbar;
ﬂow rate, 20 μL/min; gas feed, CO:O2:He = 1:5:19.
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was further veriﬁed by the simultaneous observation of
performance and heat ﬂux. Although many in situ TEM
studies have already revealed insights into the structure and
shape changes of diﬀerent functional materials, including
MoS,35 Co,36,37 Ag,38 Cu,2,39 Pt,21,23 or PdZn alloys40 in
diﬀerent reductive and oxidative environments, a direct proof
of its catalytic relevance has only been shown once.21 The
author showed an oscillatory behavior in the reaction traces
and attributed it to a periodic reshaping of the Pt NPs. This
indeed is a fundamental achievement in catalysis research;
however, it does not allow to establish detailed structure−
activity correlations as essential information on activation,
steady state and long-term deactivation are missing. These are
important parameters for industrial applications. In the present
study, oscillations in the reaction traces have only been
observed in the presence of a large number of faceted particles
(Figure 2 and Figures S9 and S10). During the prevailing of
oscillations, no morphological changes were observed (Video
S7). In contrary to the pioneering study,21 in which the
occurrence of surface facets was observed in the high activity
regime, morphological transformations appeared to be present
in our study only in the low activity regime (Figure 1). The
possibility of disentangling diﬀerent interactions between
reactants and catalysts over the entire range of catalytic
conversion and for multiple cycles while being able to separate
morphological transformations (low activity) from structural
changes (high activity) during a catalytic reaction have not
been reported before. In addition, diﬀerentiation of chemical
dynamics proves that restructuring mechanisms that have been
derived in CO oxidation experiments over polycrystalline
systems at low pressure41,42 can be transferred to the high
pressure site of the reaction. This novel knowledge will
prospectively allow to understand heterogeneous catalysis in
greater detail and provides deeper insights into how the
structure relates to the function. An in-depth discussion of the
observed phenomena is given below.
3.2. Morphological Changes. In our study, cycling
experiments revealed the formation of faceted surfaces of the
Pt NPs, which are terminated by low index planes (Figure 2
and Figures S5−S7). This increased faceting was accompanied
by a steady decay of the catalytic activity and an increase in the
ignition temperature with each cycle (Figures 1 and 2e and
Figures S8−S10). These observations are in agreement with
previous studies claiming that surface facets that correspond to
low index planes of NPs are less active than high index
surfaces.43 The same report suggested that face-centered cubic
(fcc) metal NPs terminated by open surfaces exhibit better
catalytic activity than metal NPs that exhibit low index surfaces
as they are characterized by a high density of atomic steps and
kinks. Steps and kinks are generally discussed as the origin of
high activity of Pt NPs.44 These surfaces are known to be more
active compared to densely packed ﬂat surfaces for a range of
diﬀerent catalytic reactions, which have been visualized by
high-resolution TEM imaging outside reaction condi-
tions.43,45−49 The observed morphological transformations
may stem from surface energy minimization at solid/gas
interfaces as a consequence of chemical potential gradients
close to the sample during reaction. The eﬀect of surface
energy minimization can be observed by the formation of
equilibrated faceted Pt NPs with exposed surfaces of the lowest
surface energy γ{111} < γ{100} < γ{110}
43,50−53 that was initialized
during the second cycle and became slightly more pronounced
after the third cycle (Figure 2). In addition, the sequence of
observed morphological transformations suggests that they
require the presence of a chemical potential gradient that can
be triggered not only by a temperature change alone. It was
observed that morphological changes were absent as soon as
the partial pressures are equilibrated despite the fact that the
temperature had been increasing further. In addition, the
morphological changes were found to be thermodynamically
controlled and they eventually appeared to lead to deactivation
(Figure 2 and Figures S8b to S10b).
In the second and third cycle, oscillations of the reaction rate
were observed at the transition from morphological trans-
formation to structural dynamics. These reaction rate
oscillations can lead to rapid heat releases or pressure increases
in the system. They could be caused by structural
modiﬁcations of the active state that require the existence of
the ﬂat surfaces to accommodate excess of one of the reactants.
This would inhibit a steady conversion of the reactants.
Therefore, the formation of stable surface facets should be
minimized to avoid deactivation and the potentially damaging
bursts of heat associated with the oscillations of the reaction
rate.
3.3. Structural Changes. A potential cause for the
observed changes of the shape of the reﬂections in the high
activity regime could be the migration of atoms to interstitial
sites (Figures 3 and 4 and Figures S8−S10). The diﬀusion of
oxygen (or carbon) into the subsurface and bulk of Pt NPs and
the formation of vacancies in the lattice is the most likely
explanation. Subsurface diﬀusion, for instance, of reactive
species is common in heterogeneously catalyzed reactions over
metal nanoparticles and inﬂuence the catalytic perform-
ance.54,55 Previous studies using in situ X-ray photoelectron
spectroscopy (XPS),14 surface-sensitive XRD,13 X-ray absorp-
tion spectroscopy (XAS),15−17 and scanning tunneling
microscopy (STM)18,19 showed that Pt oxide can be formed
at the surface and subsurface during CO oxidation with
diﬀerent implications on the catalytic activity (see Table S2 for
the results from the literature). Furthermore, the observed
broadening of the reﬂections indicate a decrease in coherent
scattering domains and therefore a decrease in long-range
order within the bulk structure of Pt NPs (Figure 4a,b). The
subsurface and bulk chemistry can also be explained by the
observed loss of bulk structural ordering (see reﬂection
broadening in Figures 3g−i and 4a,b) from a pure Pt metal
phase in the high activity regimes (Figure 1a and Figures
S8−S10). Thus, the appearance of additional shoulders in the
electron diﬀraction pattern for reﬂections that correspond to
the (111), (200), (220), and (311) lattice planes could be due
to the diﬀusion of oxygen through the crystal planes of Pt
atoms, which can create disorder in the structure (Figures 3
and 4 and Figures S8 to S10).
The structural changes may predominantly be caused by the
reaction environment rather than by thermal eﬀects alone. This
conclusion could be derived from the following observations:
(i) Nonlinear ﬂuctuations of the position of the reﬂections
with temperature (Figure 4), (ii) the partial reversibility of the
changes of the high index reﬂections, and (iii) the irreversible
broadening of the reﬂections. Thermal eﬀects alone would
cause global, nonselective changes in the SAED pattern.
Moreover, if the observed structural changes would have been
caused by thermal treatments, then the diﬀraction patterns of
the pristine Pt NPs that were measured in synthetic air at 400
°C (Figure 3g and Figure S1) and the sample measured after
the ignition point in the ﬁrst cycle (Figure 3i) should be
ACS Catalysis pubs.acs.org/acscatalysis Research Article
https://dx.doi.org/10.1021/acscatal.9b03692
ACS Catal. 2020, 10, 3183−3193
3188
identical. However, this is not the case. In addition, no changes
were observed when comparing the pristine sample at 400 °C
and the sample at 250 °C at reaction conditions in the ﬁrst
cycle (Figure S3).
The ability to simultaneously record reﬂections that
correspond to low and high index planes combined with
high spatial and temporal resolution are important advantages
of SAED compared to XRD (see the Supporting Information
for more information). Electrons interact much stronger with
atoms in the crystals than X-rays. Therefore, they produce
stronger reﬂection intensities (Figures S13 and S14). In
addition, due to the very small wavelength of the electrons (λ =
1.96 pm at 300 kV acceleration voltage), the radius of the
Ewald sphere is large with respect to a lattice constant and can
be considered ﬂat (Figure S15). Hence, in electron diﬀraction
experiments, the information of low and high index planes can
be recorded simultaneously and with suﬃcient signal-to-noise
ratio even at millisecond time scales.56 This combination of
high temporal and spatial resolution is a crucial strength of in
situ and operando TEM investigations since it allows
monitoring of local changes over time that are associated
with the catalytic reaction.
3.4. Disentangling Chemical Dynamics. Although
morphological and structural changes are part of chemical
dynamics, their origins are diﬀerent (Scheme 1). Below the
onset temperature, where changes of the chemical potential are
small and depend solely on temperature gradients, no chemical
dynamics were observed (Scheme 1a). As the reaction
initiated, the gas phase composition changed with temperature,
leading to greater partial pressure gradients (Scheme 1a, low
activity). This gradient induced morphological transformation
at the surface of the catalyst, and after cycling, it led to
equilibrated surface facets. At the ignition point and during
steady conversion, the gas phase composition remained
constant and morphological transformations became insignif-
icant. Meanwhile, structural changes related to changes and
ﬂuctuations in the bulk structure became apparent (Scheme 1a,
high activity). While morphological transformations appeared
to be mostly detrimental to the catalytic activity, reaction-
induced structural changes appeared to be a sign of activity and
beneﬁcial for the catalytic turnover. It is presently unclear if the
structural changes and the associated stress and strain lead to
the occurrence of ﬂuctuating surface steps acting as active sites,
and/or the resulting change of the electronic structure (d-band
shift) aﬀects the surface abundance of reactants and reduces
the overbinding of either oxygen or CO and the associated site
blocking.
Although primarily detrimental to the catalytic activity,
morphological transformation may be an intermediary step to
enable the access for reactants to diﬀuse through the bulk of
the Pt NPs. Thereby, a high virtual pressure of a reactant could
be created, which could initiate the subduction of atoms into
the bulk. In this way, the ﬂattening of the surface indirectly
would cause stabilization of high active states by preparing for
the structural changes (Scheme 1b). Thus, morphological
transformations would be needed in a balanced form.
During reactant diﬀusion, the system aims to move to
energetically more favorable states. However, in the case of
exothermic CO oxidation, a high energy barrier that separates
the two phases, for example, metal and oxide, inhibits the
completion of this phase transition. When the energy barrier to
realize a complete phase transition is too high, the system
keeps ﬂuctuating between these two chemical states in a
situation that has been coined as frustrated phase transition.7
In the present case, the formation of a platinum substoichio-
metric oxide or a solid solution of oxygen or carbon in the bare
metal could be the target phases of the attempted phase
transition. Furthermore, the loss of long-range ordering
(Figure 4a,b) is part of the preparation of the system to
change its phase with the energy needed for reducing the
translational ordering stemming from the ongoing CO
oxidation. These frustrated phase transitions induce strain in
the NPs, which can be relieved by roughening of ﬂat surface
facets on the atomic scale. In its nonequilibrated state, this
surface roughening causes a sudden increase in reactivity,
which is reﬂected by the occurrence of oscillations in the
second and third cycle (Figures S9 and S10). Once in an
equilibrated state it then leads to steady conversion. Thus, we
attribute the origin of the oscillatory behavior in the MS traces
to surface reconstructions19 or roughening of equilibrated
surface facets that depend on the degree of surface coverage
rather than on surface refaceting as previously stated.21
4. CONCLUSIONS
In conclusion, time-resolved operando TEM to study CO
oxidation over Pt NPs revealed the dual nature of chemical
dynamics in relation to catalysis as the entire range of catalytic
conversion was investigated. These chemical dynamics consist
of either morphological transformations or structural changes.
Especially, the former were found to depend on the presence
of chemical potential gradients. Morphological transformations
were found to lead to the deactivation of the catalyst by
forming particles with equilibrated surface facets. In contrast,
structural changes, potentially based on frustrated phase
transition, were found to be beneﬁcial for the catalytic
turnover. These results also suggest that commonly inves-
tigated idealized model systems with equilibrated surfaces lead
to lower activity compared to high energy surfaces.
In addition, we have shown the power of operando TEM,
which can provide important insights into temporally resolved
Scheme 1. Chemical Dynamics Inﬂuence Diﬀerent Activity
Regimes of the Catalyst and Trigger Reactivitya
a(a) Occurrence of morphological and structural changes depends on
the presence of gradients as the external trigger and appear at diﬀerent
activity regimes (low and high). (b) Reactant diﬀusion through the Pt
NPs induces a frustrated phase transition, which leads to strain (ε>0)
inside the particle. The strain would then be relieved by the surface
reconstruction.
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structural and morphological changes of catalysts under
relevant reaction conditions. SAED analysis has been shown
to be a powerful tool to resolve changes in the structure of a
crystal during catalytic reactions and to correlate them to
activity. Hence, we showed that it is possible to directly image
and analyze the local structure, to correlate it to the catalytic
function, and to extract from these visual observable relevant
descriptors of catalytic processes.
5. MATERIALS AND METHODS
5.1. In situ Pt NP Preparation. As described previously,21
Pt NPs were formed in situ inside the MEMS-based
nanoreactor. The decomposition of the tetraamineplatinum-
(II) nitrate precursor was monitored online by TEM imaging
and SAED to follow the formation of phase-pure Pt NPs. As
indicated in Figures S1, phase-pure Pt NPs had been formed
after dwelling the precursor sample for 3 h at 400 °C in
synthetic air (temperature ramp, 5 °C/min; pressure, 720
mbar; ﬂow rate, 20 μL/min; gas feed, 20% O2 in He). All Pt
NPs exhibited nonequilibrated surfaces. Agglomeration of Pt
NPs has not been observed. However, some caution has to be
applied when interpreting the TEM images since the electron
micrographs were acquired at the lower end of TEM
magniﬁcation and, by their very nature, conventional electron
micrographs resemble two-dimensional (2D) projections of
3D systems. A detailed description of the decomposition
process can be found in Figures S1 and the related text.
5.2. Operando Electron Microscopy. The homebuilt
operando TEM setup consists of a gas feeding and analysis unit
that is equipped with a quadrupole (Q)MS for gas analysis,
which allows for online conversion detection. The setup is
compatible with conventional, commercially available MEMS-
based gas cell TEM holders. The speciﬁcations of the setup are
a large pressure range, a fast gas exchange, large available range
of ﬂow rates from μL/min to mL/min, exchangeable diameters
of the inlet and outlet tubes, and very low detection limit for
MS. The detailed technical description and speciﬁcations of
the homebuilt operando TEM setup, including how Ni
contamination can be avoided during CO oxidation, are
described elsewhere.31
Imaging of the Pt NPs during the catalytic reaction was
performed on a Cs-corrected FEI TITAN 80-300 at 300 kV
equipped with a GATAN UltraScan 1000XP camera. During
the experiment, the electron dose rate was kept below 30 e/Å2s
at all times. Since the eﬀect of the electron beam can never be
totally excluded in EM studies, it was deemed important to
always consider results comparatively and not in isolation. The
ﬁndings described above withstand this criterion: during low
catalytic activity, the acquired series of the TEM image (Videos
S1 and S2) showed more signiﬁcant changes of the
morphology of the particles than in the high activity regime
or at “full” conversion (Videos S3 and S4). As the
morphological behavior in diﬀerent catalytic regimes was
found to be diﬀerent depending on the catalytic cycle, the
eﬀect of the electron beam on the morphology should not play
a role. Otherwise, the same changes would be observed in all
regimes. This speciﬁc dose rate was chosen since several
studies found it to be the safe limit below which sample
damage due to electron−gas interactions has been found to be
negligible and below the detection limit.57−59 In addition, the
observed morphological transformations are in line with
previous quasi in situ TEM results.32 As this technique
decouples analysis and catalysis, the inﬂuence of the electron
beam can be reduced to a negligible minimum. For the high-
resolution imaging of catalyst NPs, the electron dose rate used
was below 1000 e/Å2s. These images were only used to deﬁne
the termination of the NPs and were always compared to
images that were acquired at lower dose rates (below 30 e/
Å2s). The operando experiments were performed with the
commercially available DENSsolutions climate holder. SAED
patterns were recorded from an area of 0.7 μm2, including
between 100 and 150 nanoparticles each.
5.3. Image Processing. For the data analysis and image
processing, DigitalMicrograph and ImageJ were used. Image
stacks and their alignments were performed using ImageJ. For
the diﬀraction pattern analysis, averaged radial proﬁles of
integrated SAED pattern series were extracted using PASAD, a
plugin for DigitalMicrograph. Image and SAED series were
acquired with acquisition times of 0.5 s, every 3−5 s in selected
temperature ranges with a temperature ramp of 1 °C/min.
Between image acquisitions, the pre-specimen shutter was used
to further reduce the exposure of the sample to the electron
beam. Image series were processed with ImageJ using noise
cancellation (Figure S16). Variance and Gaussian blur ﬁlters
and Z-stack projection plugin were used to determine the
standard deviation of the particle shape. All image stacks were
treated equally. The standard deviation (STD) was measured
between image frames and summed to obtain maps of the
standard deviation. The average perimeter changes between
image frames were obtained by Gaussian blur ﬁlter and analyze
particle plugin in ImageJ.
5.4. CO Oxidation and Evaluation of the Catalytic
Data. For the detection of reactants and products, a QMS 220
PrismaPlus from Pfeiﬀer 1 to 100 amu was used. CO oxidation
was performed in three catalytic cycles under the following
conditions: (i) gas feed, CO:O2:He = 1:5:19; ﬂow rate, 20 μL/
min; pressure, 700 mbar; temperature ramp from RT to 500
°C, 1 °C/min, which was followed by isothermal treatment at
500 °C for 1 h and subsequently cooled to 400 °C, 1 °C/min.
(ii) Gas feed: CO:O2:He = 1:5:19; ﬂow rate, 20 μL/min;
pressure, 700 mbar; temperature ramp from 250 to 460 °C, 1
°C/min. The reaction was kept overnight at 450 °C and cooled
to 200 °C (5 °C/min). (iii) Gas feed: CO:O2:He = 1:5:19;
ﬂow rate, 20 μL/min; pressure, 700 mbar; temperature ramp
from 200 to 500 °C, 1 °C/min. The reaction was continued
overnight at 500 °C overnight and subsequently cooled to RT
(10 °C/min).
The QMS was calibrated with air, and the error in the
measurements of the air composition was 5% (N2, O2, H2O,
CO2, and Ar). Ion currents of the measured signals were
converted into partial pressures of each gas involved in the
reaction. The conversion of CO was calculated using the
equation (PCO(T)/PCO(RT)) × 100% where PCO(RT) is the
partial pressure of CO at RT and PCO(T) is the partial pressure
at the set temperature.
5.5. In Situ XRD Analysis. For XRD analysis, 100 mg of
the tetraamineplatinum(II) nitrate (Sigma-Aldrich) precursor
were decomposed at 400 °C for 3 h in a muﬄe furnace in
ambient air. The in situ XRD data was collected on a STOE
Theta/theta X-ray diﬀractometer (Cu Kα1 + 2 radiation,
secondary graphite monochromator, scintillation counter)
equipped with an Anton Paar XRK 900 in situ reactor
chamber. The gas feed was mixed by means of Bronkhorst
mass ﬂow controllers using helium as an inert balance gas at a
total ﬂow rate of 100 mL/min. The eﬄuent gas composition
was monitored with a Pfeiﬀer OmniStar quadrupole mass
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spectrometer. XRD scans at elevated temperatures were
performed in the range of 25−90° 2θ with a step size of
0.02° and a counting time of 2 s/step (50 min/scan). RT
measurements before, between, and after the temperature
programs were always performed twice, with 2 and 10 s/step,
to achieve comparability with the high-temperature data and to
obtain a better signal-to-noise ratio, respectively. The sample
was pretreated in 20% O2 in He by heating it to 400 °C at 5
°C/min, holding the temperature for 3 h (including three XRD
scans), and then cooled to RT at 5 °C /min. The CO
oxidation reaction was performed with gas feed: CO:O2 = 1:5.
All heating and cooling ramps were done at 1 °C/min with
isothermal XRD measurements at 200, 250, 300, 350, 380, 390,
400, 450, and 500 °C.
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